In the soil solutions obtained in situ with suction cups from soils (Cambisol and Fluvisol) of pot experiment with Salix smithiana Smith, Lolium perenne L. and Thlaspi caerulescens J. & C. Presl heavy metals species (Cd, Pb and Cu) were assayed by differential pulse anodic stripping voltammetry and diffusive gradient in thin films. Prediction of accumulation performed best at free metal ion concentrations in unchanged pH (in 10 -3 mol L -1 NaClO 4 base electrolyte). The speciation provided by differential pulse anodic stripping voltammetry according to pH can provide a detailed description of the soil solution matrix. The concentration of free metals in unchanged pH represents a small part of the total content and varied from 0.04 to 0.75% with two exceptions found for accumulating plants (the content of Cd 2+ in the soil solution from T. caerulescens was about 6% and the content of Cu 2+ in the soil solution from S. smithiana was about 30%). The available concentration as determined by diffusive gradient in thin films was not in correlation with the heavy metals concentration in plant biomass. Warsaw and Springer-Verlag Berlin Heidelberg. 
Introduction
Environmental monitoring and speciation of heavy metals (HMs) in soil solution are very important for ecological assessments as well as for understanding of the relationship between plant and soil [1] . Exposure of plants to metals occurs primarily through the aqueous phase of soil, soil solution. Several plant and soil properties affect the composition of soil solution. In this case, composition of soil solution including concentration of potentially toxic metals in the solution and speciation of these elements, i.e. distribution of the The use of differential pulse anodic stripping voltammetry and diffusive gradient in thin films for heavy metals speciation in soil solution ion activities in solution has improved predictions of bioaccumulation and toxicity, and there is some evidence that solution speciation is also important in soil systems [4, 6] . For trace metals speciation in natural waters, numerous analytical techniques have been used ranging from complexation studies with simple ligands to utrafiltration studies of the influence of organic matter and colloidal particles [7, 8] . A special importance was given into two methods -anodic stripping voltammetry and diffusive gradients in thin films (DGT) [9, 10] . Differential pulse anodic stripping voltammetry (DP-ASV) techniques have been used for more than 30 years for laboratory trace metal measurements in waters, and routine instrumentations have been developed [11] [12] [13] [14] . Predominantly, the detection of total metal contents, after physical and chemical pre-treatments of samples (usually after sample acidification and UV irradiation, or speciation), was made by these conventional approaches [15] . Another important analytical application of voltammetry is the determination of complexation properties (stability constants and total ligand concentrations) with complexants in natural waters [4, 16, 17] and sediments [18] . The voltammetric measurement of several metal ion contents has been successfully applied to potassium nitrate or ammonium nitrate soil extracts [19, 20] .
DGT (diffusive gradient in thin films) is a very powerful technique for assay of the available portion of heavy metals in natural waters, sediments, and in soils [21] [22] [23] [24] [25] . This technique can be used like a preconcentration method for trace metals determination. Metals are accumulated on the resin layer (Chelex ® 100) after passing through a diffusive hydrogel. After accumulation, metal ions from the resin layer are eluted using a known volume of HNO 3 solution.
As the DGT technique is expected to measure free ions and labile complexes similar to DP-ASV [21] , no voltammetry on in situ soil solution samples has been performed up to now. Our study aims were: -to examine the possibilities of DP-ASV in analysis of soil solutions taken from different soils occupied by three plant species, to compare ionic portions in soil solution of selected -metals obtained from DP-ASV with available portions in soil solution detected by DGT and with total HM content in soil solution as determined by optical emission spectrometry or atomic absorption spectrometry, to characterize the impact of detected HM species on -bioaccumulation in plants.
Experimental

Pot experiment
The hyperaccumulating plant Thlaspi caerulescens J. & C. Presl with a high ability to accumulate Cd and Zn [26] , the fast growing tree Salix smithiana Smith with a high metal accumulation ability [27] and the grass Lolium perenne L. representing common pasture plants were cultivated in pot experiments in two soils from The Czech Republic (Fluvisol -location Píšťany and Cambisol -location Příbram) differing in total content of risk elements (Table 1) , physical properties characterized with soil composition [28] (Table 2) , and physical-chemical characteristics ( Table 3) . Plants were cultivated in 6 litres plastic pots with 5 kg of air-dried soil with four replicates for each treatment. The experimental soils were passed through a 5-mm plastic sieve. Soil moisture was regularly controlled and kept at 60% maximum water holding capacity. After plant harvest (5 months growth), the above-ground biomass was gently washed with deionized water, checked for fresh and dry biomass, ground up, and analyzed (Table 4) . The soil solution was sampled ( Fig. 1) using nylon suction cups (DI Gottfried Wieshammer, Wien, Austria)) and stored at 4°C until analysis (within 7 days). The soil solution (from 20 to 30 mL) was sampled after 24 hours of soil saturation with deionized water [29] . For sampling, storage, and analysis were used very clean, sterile containers and other glass oven-ware.
Chemicals and reagents
For DP-ASV analysis, purified water on Chelex 
Instrumentation and analysis
The total contents of the focused metals in soil samples and in plant biomass were determinated by ICP-OES (Inductively coupled plasma optical emission spectroscopy) after decomposition by a dry ashing procedure as follows: An aliquot (~1 g) of the dried and powdered soil was weighed to 1 mg into a borosilicate glass test-tube and decomposed in a mixture of oxidizing gases (O 2 +O 3 +NO x ) at 400°C for 14 hours in a Dry Mode Mineralizer Apion (Tessek, Czech Republic) [30] . The ash obtained from plant biomass was dissolved in 20 mL of 1.5% HNO 3 and kept in glass tubes until analysis. The ash obtained from soil was decomposed in a mixture of HNO 3 and HF, evaporated to dryness at 160°C, and dissolved in aqua regia [31] . The oxidizable organic carbon (C ox , see Table 3 ) was determined spectrophotometrically (Zeiss Spekol 221, Germany) after the oxidation of organic matter by K 2 Cr 2 O 7 (p.a. Merck, Czech Republic) [32] .
The total contents of focused elements in soil (Table 1 ) and in plant digests (Table 4) were determined by the ICP-OES (VARIAN VistaPro, Varian, Australia). Total contents of HMs in soil solutions (Table 5) as well as in DGT eluates ( Table 6) were determined by flameless atomic absorption spectrometry (ET-AAS) using Zeeman atomic absorption spectrometer AA280Z with GTA 120 graphite tube atomizer and programmable sample dispenser PSD 120 (Varian, Australia). The pyrolytically coated tubes were used for all measurements and a forked platform was applied for Cd and Pb determination.
The ionic contents of elements in the soil solution were determined by the DP-ASV ( Table 5) in different types of base electrolyte; in 10
-2 mol L -1 HNO 3 (~ pH 2). The measurement was carried out in three electrodes connected with an HMDE (hanging mercury drop electrode) as a working electrode (the reference electrode was a saturated silver chloride electrode and the auxiliary electrode was a platinum electrode), on a PC-controlled Eco-Tribo Polarograph voltammetric analyzer (Polaro-Sensors, Prague, Czech Republic) with Polar 4 software. The accumulation time was 360 s and the accumulation potential was -1200 mV for Cd and Pb and -800 mV for Cu. The pH was measured on a pH 301i/SET (WTW, Germany). The use of differential pulse anodic stripping voltammetry and diffusive gradient in thin films for heavy metals speciation in soil solution
The DGT technique was used for determination of available HM species. DGT units (DGT REsearch Ltd., Lancaster, GB) consist of the Diffusive Gel Strip (0.8 mm) in 0.1 mol L -1 NaCl, the Chelex Gel Strip (0.4 mm) in redistilled water and rectified by Milipore ® system and Tuffryn ® Membrane Filter (25 mm, 0.45 μm, Pall Corporation). The DGT units were exposed for 24 hours (at 4°C) to the soil solution (50 mL of the soil solution collected from 4 pots). Polyethylene boxes were used to expose the soil solution to the DGT units ( Figure 2 ). The DGT units were placed in polyethylene sieves and their exposure windows were immersed in soil solution. After exposure, the DGT units were disassembled and the chelex gel discs (resins) were leached for 24 hours (at 4°C) in 1.5mL vials containing 1 mL 2 mol L -1 HNO 3 . The total metal content in eluates was determined by ET-AAS. The available concentration of elements (ions) [22] :
where C e is the measured element concentration (by
is the volume of elution solution, and f e is the elution factor for elution reagent (for 2 mol L -1 HNO 3 is f e = 0.8 [22] ). Other symbols are stated before.
For comparison of C b with C ion , the C b has to be corrected for the accumulation time used in the stripping analysis:
C b -corr is C b corrected for different accumulation times compare to the accumulation time used in stripping analysis.
Results and Discussion
Speciation of HMs in soil solution using DP-ASV
The total contents of HMs in soil (Table 1) did not have any correlation to the abundance of HM species in in situ sampled soil solution nor to the total content of HMs in plant biomass ( Table 4 ). The total contents of HMs in soil solutions showed more importance than the total contents of HMs in soil. The focused soils had different textures (Table 2) and different physical-chemical properties ( Table 3) caused different amounts of HMs bound with soil matrixes [33, 34] . The total soil solution contents of Cd, Pb and Cu (Table 5 ) were determined by ET-AAS and DP-ASV in 10 -2 mol L -1 HNO 3 as base electrolyte (BE). The total contents determined by these two methods were in a very good agreement.
The equilibrium among HMs and their organic ligands is strongly depended on the pH [34] and the addition of mineral acid into soil solutions changes the balance among LWMOAs complexes and HM ions, as determined by our DP-ASV measurement at different pH values for the system. The ionic content of HMs increased with decreasing pH (after adding mineral acid). The percentage of ionic portions (PIP=C ion / C total x100) ( Fig. 3-5 ) increased when the pH of the soil solution decreased. The determination of real ionic contents (C ion ) was provided in the original pH of the system (about 7) in 10 -3 mol L -1 NaClO 4 , a good BE for this analysis. The real ionic contents of tested elements were very low (with the exception of two ).
cases, discussed further) compared to the total content of these elements in the soil solution (Table 5 , Fig. 3-5) . The ionic portions in pH 3 (in 10 -3 mol L -1 HNO 3 ) were dissimilar and varied from 15% (Pb in soil solution from T. caerulescens (Příbram)) to 84% (Cu in soil solution from S. smithiana (Příbram)). There were many differences observed in the behavior of HMs during pH change. Each metal reacts to pH change in specific ways; the ionic release depends on the soil solution matrix. It is known [35] that plants can change the pH of the system by exudation and the methodology, which allows the observation of changes in HM mobility, is good for assessment of plant impact to the soil system.
The ionic portions of the focused HMs in all analyzed soil solutions were small, contrary to the levels observed in model aqueous solutions [21] or natural waters [8] . That is why the soil solution sampled in situ compared to less complex water systems is more complicated and contains many organic complexants compared to natural water systems mentioned [36, 5, 24] .
The HM bioavailability
The knowledge of heavy metal behavior during pH change is essential in the evaluation of HM bioavailability and the ability to perform phytoextraction. The soil with lower pH affords greater phytoextraction abilities to HMs [37] . Surprisingly, the pH of the in situ sampled soil solution is higher (~ 7) than the soil itself (Table  3) . What is more the differences between pH (H 2 O) of the focused soils were almost 2 pH units (Příbram 6.59±0.05 and Píšťany 4.82±0.02), however the soil solution pH values were very similar (S. smithiana 7.40 (Příbram) and 6.70 (Píšťany), T. caerulescens 6.76 (Příbram) and 6.39 (Píšťany) and L. perenne 7.10 (Příbram) and 6.64 (Píšťany)). This fact appears to have a big impact of plant to soil solution pH values. This is in accordance with the opinion that root activity is the driving force in HM uptake and phytoextraction [38] . The plant efficiency of HM extraction (the HM´s bioavailability) is also affected by soil sorption parameters, cation exchange capacity (CEC) [39] , and organic matter content [40, 41] . The soil with high CEC and oxidizable carbon content is predestinated to fix HMs more than the soil with low CEC and low content of oxidizable carbon. The soil from Příbram has higher CEC (134 mekv kg -1 ) and lower content of oxidizable carbon (1.90 ± 0.01%) than the soil from Příšťany (CEC = 113 mekv kg -1 and oxidable carbon 5.11 ± 0.26%). These two parameters have only predicative value, whereas the bioavailability strongly depends on the quality of organic matter. A more important bioavailability factor is an abundance of HM species in the soil solution according to [42] . If we compare the total HM content taken up into plant biomass with the ionic content of HMs in soil solution, we found that ).
The use of differential pulse anodic stripping voltammetry and diffusive gradient in thin films for heavy metals speciation in soil solution The total contents of metals were measured by ET-AAS and amount to 100%.
the ionic content of HMs in soil solution is a crucial parameter for estimation of phytoextraction range. In the soil solutions from L. perenne at original pH the HMs were not in ionic form (they are complexed) and they were converted into free forms after acidification to pH 3 (30%) (Fig. 4) and the phytoextracted amounts of HMs were very low (Table 4) , which is in agreement with [43] . In the soil solutions from S. smithiana and T. caerulescens there were differences in uptake among the focused HMs, because S. smithiana and T. caerulescens have different growing strategies [35] , and it is better to allude about each focused HM separately. The values of the ionic portions of Pb determined in all soil solutions in unchanged pH were in the same order and negligibly small (varied from 0.08 to 0.75%). This is in a good agreement with low expected Pb availability (mobility) in soils and with low phytoextracted content in the plant biomass (in all three potted plants) (Table 4) . On the other hand, the ionic portions of Cd in soil solutions from T. caerulescens were relatively high; ionic portions of Cd were 5.84% in Píšťany and 6.87% in Příbram, compared to ionic portions of Cd in soil solutions from S. smithiana and L. perenne, which varied from 0.07 to 0.12%. This is correlated to the high accumulation of Cd in T. caerulescens biomass (Table 4) and with the hyperaccumulating ability of Cd in T. caerulescens biomass [35] . The ionic portions of Cu in soil solutions from S. smithiana were relatively high, 29.17% in Příbram and 31.00% in Píšťany. In other soil solutions Cu content varied from 0.04 to 0.06%. These differences are supported by a relatively high Cu concentration in S. smithiana biomass (Table 4) , and are also supported by [27] . On the other hand the concentration of Cd in S. smithiana biomass was relatively high (vary from 3.09 to 14.17 mg kg -1 , Table 4 ), however the concentration of Cd 2+ in the soil solution (at original pH) was negligibly small (Fig. 3) . This could be caused by dissimilar plant uptake strategies of Cu and Cd as mentioned by [44, 45] and also by the fact that the high content of Cd in S. smithiana biomass can be affected by the ease of Cd release from the soil solution matrix, which was supported with measurement of Cd 2+ at pH 3 ( Table 5 ). The amount of Cd 2+ at pH 3 in the soil solutions from S. smithiana were about 55% (Příbram) and 80% (Píšťany).
The situation is similar in the case of copper in the soil solutions from T. caerulescens. The concentration of Cu in T. caerulescens biomass was quite high (85.51 ± 1.37 µg g -1 (Příbram) and 64.77 ± 8.39 µg g -1 (Píšťany)), and the concentration of Cu 2+ in the soil solutions (at original pH) was negligibly small, but after acidification to pH 3 the copper was present in ionic forms about 85% in Příbram and about 35% in Píšťany.
According to these facts, the ionic content and ability to release ions due to acidification can be considered as the driving forces of phytoextraction.
Comparison of ionic content and DGTavailable content of HMs
We compared ionic portion detected by DP-ASV (C ion ) with the plant available portion (C b ) obtained by DGT ( Table 6) . The values obtained by DGT were not comparable with the concentration of ions (C ion ), contrary to similar measurements in model aqueous solutions or natural waters published by [21, 8, 46] . Table 6 . The comparison among C b (available content of heavy metals determined by DGT, equation (1)), C b -corr (Cb corrected to 360 s of accumulation according to:
).
The use of differential pulse anodic stripping voltammetry and diffusive gradient in thin films for heavy metals speciation in soil solution
This disagreement was due to a more complicated soil solution matrix compared to model aqueous solutions and longer exposure time (in the articles mentioned the exposure time was on the order of minutes and in our study was on the order of hours). We used longer exposition times due to low HM concentrations in the soil solution. The longer exposure times allowed withdrawal of free HM ions by capturing them in the resin and was compensated by disintegration of the complexes present, according to their different stability constants. As a consequence of HM complex elimination, the C b is orders of magnitude higher than the C ion and did not reflect the real situation in the soil solution. The DGT-available concentrations are almost the same for all focused HMs in all soil solutions.
No correlation with concentration of these HMs was found in the plant biomass. In addition, we suggest correcting C b for the same accumulation time as was used in the DP-ASV measurement (360 s) according to equation (3) . C ion and C b -corr then become comparable (10 -4 µg L -1 ) for all soil solutions from S. smithiana and L. perenne. The C ion and C b -corr of Pb were on the same order (varied from 8.02x10
-3 to 1.26x10 -2 µg L -1 ) in all focused soil solutions and the C ion and C bcorr of Cu were on the same order (10 -2 µg L -1 ) in all soil solutions from T. caerulescens and L. perenne.
Only two discrepancies were found: for Cd in the soil solutions from T. caerulescens and for Cu in the soil solutions from S. smithiana. In both cases, higher ionic portions were found by voltammetry in the soil solutions.
According to the data mentioned, the DGT technique is less suitable in complicated matrixes (such as soil solution) where the long term accumulation (due to low concentrations) is sought as compared to DP-ASV, which gives predicative values of free HM ions content.
Conclusion
In this study, the methodology for HM speciation according to pH changes in soil solution was developed using DP-ASV measurements. DP-ASV measurements in 10 -3 mol L -1 NaClO 4 can be used for determination of Cd 2+ , Pb 2+ and Cu 2+ concentrations in the soil solution at original pH (C ion ), which is suitable for assessment of HM bioavailability in plants. The dependence of the physical-chemical balance in soil solution on pH can be studied by DP-ASV in different concentrations of HNO 3 as base electrolyte. Data from these measurements can be used in assessment of HM bioavailability in plants.
The C b (DGT-available concentration of metals) concentration did not have predicative value in bioavailability assessments of HMs (any serious correlation among the total concentration of HM in plant biomass and C b was not found). The C ion was compared to C b and values of these concentrations were not on the same order; C ion was much lower than C b . Alternatively, agreement in order of magnitude of DGT and DP-ASV was provided by recounting C b for the same accumulation time (conversion to C b -corr) as was used for voltammetric measurements. The orders of magnitude of C ion and C b -corr were in agreement among themselves, besides two exceptions (cadmium in the soil solution from T. caerulescens and copper in the soil solution from S. smithiana). Neither C b nor C b -corr reflected the plant accumulation specifics, compare to C ion , which is a very good characteristic for HM accumulation into plant biomass.
